We have synthesized some palladacyclopentadienyl complexes bearing 2,6-dimethylbenzo-, 2-tosylaceto-and t-butyl-isocyanides (DIC, TOSMIC and TIC, respectively) as spectator ligands. The oxidative addition of I 2 to the DIC derivatives yielded complexes bearing iodine, the butadienyl fragment s-coordinated, and the isocyanides in mutual trans position as final species. On the basis of a kinetic study carried out by means of UVevis and 1 H NMR techniques we have proposed a plausible mechanism which is in accord with a computational investigation done by other authors on similar compounds and confirmed by a computational approach we have performed. The proposed mechanism suggests the formation of a Pd(IV) octahedral intermediate complex bearing two iodines in meridional position. The latter yields another intermediate complex bearing iodine, the open butadienyl fragment s-coordinated, and the isocyanides cis to each other which eventually isomerizes to the final trans product. The reaction rates related to the formation of the cis derivatives (k 1 ) and to the isomerization process ðk 0 1 Þ were determined as refined parameters of the non linear regression analysis of the monoexponential relationship which is a function of the UVevis spectral changes and time.
Introduction
Many natural and bioactive compounds enclose in their structures highly conjugated poly-unsaturated units. Consequently, the stereospecific synthesis of conjugated dienes became an important field of study and several catalytic approaches based on different metals [1] such as the diyne reduction with zinc/copper or sodium/ mercury amalgam [2] and synthetic processes through the metallacyclopentadienyl derivatives of titanium, zirconium, iridium [3] and palladium [4] were proposed.
In particular we have investigated the mechanism of formation of the palladacyclopentadienyl compounds when activated alkynes such as dimethyl-2-butynedioate (dmdb) and methyl (4-nitrophenyl) propynoate (pna) attack Palladium(0) alkene complexes bearing bidentate heteroditopic and symmetric spectator ligands [5] .
Eventually, addition of halogens (X 2 ) or organic halides (RX) to the palladacyclopentadienyl complexes A induces the formation of the (s-butadienyl) Pd(II) species B or B 0 , respectively. Further addition of halogens liberates the 1,3-dienes unit (C) and the dihalo palladium(II) complex (D), respectively (Scheme 1) [4g] . Alternatively, transmetalation between B 0 and tin reagents can also yield the unsaturated organic moieties C 0 and the olefin derivative E [4d,f].
We have now prepared some new cyclopentadienyl palladium derivatives bearing isocyanides as spectator ligands with the aim of study the propensity of such complexes characterized by the presence of four carbon atoms bound to the metal centre toward the addition of molecular halogens (Scheme 2). Moreover, we hoped to shed light on the reaction mechanism thanks to the retarding effect that the electron-withdrawing isocyanide could have on the rate of the oxidative process. As a matter of fact, in almost all the cases the complexes react immediately and quantitatively with a stoichiometric amount of I 2 to give the s-butadienyl derivative, apart from the case of complex 1a.
Since in this latter case the reaction went to completion in a reasonable time interval, we had the opportunity to carry out a kinetic study which will be described in this paper and was never dealt with at the best of our knowledge. In addition to the starting complexes, in the following Scheme 2 are reported the reaction products and the related numbering scheme.
Result and discussion

Synthesis of the palladacyclopentadienyl complexes
The polymer [PdC 4 (COOR 0 ) 4 ] n (R 0 ¼ Me, t-Bu) prepared according to published procedure [4a] reacts in anhydrous acetone under inert atmosphere with a stoichiometric amount of CNR isocyanides yielding the Pd(II) complexes 1aef as easily separable and stable whitish or yellowish solids. The symmetry of the ensuing complexes (C 2v ) induces a remarkable simplification in the 1 H and 13 C NMR spectra. The two coordinated isocyanides resonate as a unique signal and at a markedly different field from that of the free CNR ligands. Typically, the chemical shift of the isocyanide carbon is in any case found in the range of 134 ÷ 148 ppm whereas the signals of the COOR fragments in the cyclopentadienyl rings are gathered into two groups as a consequence of their a or b position with respect to the palladium centre. Finally, the IR spectra display the expected two bands at ca. 2200 cm -1 due to the C^N stretching of two isocyanides cis each other in a square planar derivative (A 1 þ B 1 ) (see Experimental). The reaction of a solution of the complexes 1aec in anhydrous CH 2 Cl 2 with a stoichiometric amount of I 2 leads to the formation of the trans isocyanide derivatives of Pd(II) 3aec. The complexes 3a and 3c are fairly stable whereas 3b, although stable as a solid, slowly decomposes in acetone or CH 2 Cl 2 solution. The characterization carried out by NMR and IR spectroscopy clearly points to the trans distribution of the isocyanides in the ensuing complexes 3 (C 2v ). As a matter of fact, the coordinated isocyanides exhibit only a single signal in the NMR spectra and the IR displays a single band at ca. 2200 cm À1 related to the typical n CN stretching of the square planar trans complexes (B 2 ). Accordingly, the COOR fragments give rise to four different signals in both the 1 H and 13 C NMR spectra resonating at frequencies which are modulated by the position of the carboxylate groups with respect to the palladium centre (see Experimental).
Kinetic investigation
As already stated all the reactions investigated were almost immediate except for the case of the complex 1a whose reaction progress can be followed either under 1 H NMR and UVevis experimental conditions. The 1 H NMR spectrum recorded immediately after mixing the complex 1a and iodine in approximate equimolecular
shows the formation of a transient species which in ca. 30 m yields the final product 3a (5th spectrum in Fig. 1 ). The nature of the transient complex 2a can be inferred from the spectrum (2) in Fig. 1 . As a matter of fact, four distinct signals of the OCH 3 protons are observed in the 3.65e3.85 ppm interval, whereas the methyl substituents of the phenyl group resonate as a couple of signals, one of which probably isochronous with the signal of the methyl substituents of the final trans derivative 3a at 2.56 ppm. These NMR features can be traced back to a complex in which the original cyclobutadienyl ring has already assumed its open structure as s-coordinated eC 4 I(COOMe) 4 fragment whereas the two isocyanides are cis to each other.
In order to analyze in detail the observed phenomenon we turned to the UVevis technique which offers more advantages with respect to NMR in terms of concentration and detection times. In this respect we noticed that at variance with complex 1a which lends itself to a detailed UVevis investigation complex 1b is useless due to its unfavourable absorbance change whereas 1c markedly decomposes. Therefore we set up an experiment whose spectrophotometric output is shown in Fig. 2 .
As can be seen in Fig. 2 the reaction triggered by addition of iodine to a solution containing an equimolecular amount of complex 1a involves an immediate change in absorbance followed by a slower reaction whose final a spectrum is coincident with that of an equimolecular solution of an authentic sample of complex 3a independently synthesized. Owing to the consistent time interval characterizing the reactions carried out under NMR or UVevis conditions we surmised that the slow reaction was due to the cisetrans isomerization of intermediate 2a into 3a. We Scheme 1. Synthesis of conjugated dienes from palladacyclopentadienyl complexes.
Scheme 2. Starting complexes and reaction products upon I 2 addition. Type 2 complexes are intermediates and not isolated species.
hypothesized that the immediate change in absorbance which is apparent in Fig. 2 was due to a rapid process giving quantitatively the intermediate 2a whereas the subsequent isomerization identified by the change upon time of the halogen / Pd LMCT band, was an intramolecular rearrangement yielding the derivative 3a whose reaction rate was independent of the concentration of iodine. The determination of the rate law at different concentrations of I 2 confirms the intramolecular nature of the observed process (see Table 1 ), whereas in Fig. 3 we show a typical reaction profile and the related regression analysis based on the monoexponential function:
( 1) where D t is the time dependent absorbance value, whereas the initial absorbance D 0 , the final D ∞ and the monoexponential rate constant k 1 are the parameters to be optimized by the non linear regression analysis [6] . H NMR spectra for the reaction between complex 1a and I 2 ([1a] ) in CHCl 3 , T ¼ 298 K.
Table 1
Values of k 1 determined at different iodine concentrations for the isomerization reaction [7] .
[
However, an accurate investigation of the initial absorbance change carried out at fixed wavelength (340 nm) showed that the initial process was better interpreted as a further combination of two reactions, the first of which was immediate, whereas the second took several seconds to be over before the starting of the isomerization process (z60 s). Furthermore, the spectral change related to the second reaction was not consistent with the global absorbance variation since the D 0 value (extrapolated at t ¼ 0) was macroscopically higher than that measured as the sum of the individual absorbances of the starting complex 1a and iodine. At this point we reverted to the determination of the rate of the second reaction by a non-linear regression analysis of the monoexponential function (1) with the same meaning for the symbols previously described.
In Fig. 4 is shown a typical absorbance change and the non linear regression analysis related to the described process.
The rate constant ðk 0 1 Þ which again is independent of the I 2 concentration, was determined on the basis of three independent experiments carried out at different I 2 concentrations and its average value is (8.6 ± 0.5) Â 10 À2 s. At the best of our knowledge this datum, is the first measured rate constant related to the reductive elimination of a halide from a di-halide palladium (IV) complex.
On the basis of the described experimental evidence and of the computational study we carried out (vide infra), which is in substantial accord with the reaction scheme proposed by Elsevier and co-workers on the reactivity of palladacyclopentadienes bearing bidentate nitrogen ligands [4g], we infer that the fast but not immediate reaction we observe is related to the process involving the quantitative formation of the intermediate 2a from the intermediate trans-diiodo Palladium (IV) complex I.
Thus, a representation of the whole process with the observable species involved and the related calculated energies, is shown in the following Scheme 3.
Computational study
We have carried out a computational study on the substrates and intermediates described in the reaction network of Scheme 3. The free energy values (DG, kcal mol À1 ) calculated at DFT-PBE0 level [8] , are reported together with the optimized structural representations of the involved species in Scheme 4 whereas the whole set of calculated thermodynamic data (DE, DH, DG) is summarized in Table 2 . We have chosen the DFT-PBE0 since at present it represents one of the most appropriate levels for the oxidative additionereductive elimination reactions in palladium complexes [9] .
As can be seen in Scheme 4, the first approach of I 2 to the starting complex 1a (1a þ I 2 , 0 kcal mol À1 ) promotes the formation of a van der Waals adduct (À6.7 kcal mol À1 ) in which I 2 is almost perpendicular to the main coordination plane of the complex at the distance of 3.00 Å, whereas the IeI bond displays a slight lengthening with respect to the free I 2 molecule (2.77 vs. 2.68 Å), indicating a partial charge transfer from iodine to the available orbitals of palladium. The following step gives the octahedral Pd (IV) intermediate I (À8.6 kcal mol À1 ) in which both the iodine atoms are bound to palladium centre at an average distance of 2.68 Å. The subsequent reaction yielding the intermediate 2a is characterized by a transition state TS (þ5.0 kcal mol À1 ) in which an iodine atom migrates from palladium to the carbon atom of the cyclobutadienyl fragment. For the sake of clarity, the bond lengths involved in the process are reported in Table 3 whereas the corresponding activation energy level is at þ13.6 kcal mol
À1
. The difference in free energy between the intermediate I and 2a and between I and 3a (À16.8 and À22.4 kcal mol
, respectively) matches with the isomerization reaction that is eventually observed.
The schematic representation and the energy data reported above are immediately comparable with those published by Elsevier and Didieu dealing with the oxidative addition of Br 2 to palladacyclopentadienyl complexes with bidentate nitrogen species as ancillary ligands [4g] . However, the differences among the calculated free energies between the starting complex 1a and the intermediate I and between the intermediate I and the transition states TS observed in our case are of reduced extent if compared with those published by Elsevier and Didieu and therefore deserve some comments. Apart from the obvious observation that we are dealing with different systems, it is noteworthy that imposing the same level to the energy of the starting complexes and the related Furthermore, the difference between the calculated DG values between the two transition states is also smaller in our case (þ5 
vs. þ8.2 kcal mol
À1
) although such small differences in energy (z3 kcal mol À1 ) might be traced back to the errors inherent in the computational methods adopted. As for the enhanced stability of complex 2a with respect to the E2 complex of Ref.
[4g] (À25.4 vs. À15.7 kcal mol
, respectively) it is easily explained by invoking the well known and widely accepted higher affinity of iodide when compared with that of bromide toward the metals of the platinum group [10] .
Conclusion
We have synthesized some novel palladacyclobutadienyl complexes bearing the isocyanides DIC, TOSMIC and TIC as spectator ligands. The reaction of the cis-diisocyanide tetramethyl palladacyclo-1,3-diene-1,2,3,4-tetracarboxylate complexes with iodine yields without exception the trans-diisocyanide-tetramethyl pallada 1-iodobuta-1,3-diene-1,2,3,4-tetracarboxylate. In the favourable case of the DIC derivative (1a) we were able to measure the reaction rate of the intramolecular conversion of the intermediate trans-diiodo Palladium(IV) (I) into the cis-diisocyanide-tetramethyl pallada 1-iodobuta-1,3-diene-1,2,3,4-tetracarboxylate (2a) and the subsequent isomerisation to the trans-isomer (3a). Finally, an adequate computational investigation which is in agreement with previously reported findings appears to support the experimental results we obtained.
Experimental section
All solvents were purified by standard procedures and distilled under argon immediately before use [11] . 1D-and 2D-NMR spectra Scheme 3. Proposed mechanism for the oxidative addition of I 2 to palladacyclopntadienyl complexes with the calculated free energy (DG kcal mol À1 ) of the species involved. I and 2a are not isolated intermediate species.
Scheme 4. Calculated free energy (DG kcal mol À1 ) for the palladium species involved in the reaction of Scheme 3.
were recorded using a Bruker 300 Avance spectrometer. Chemical shifts (ppm) are given relative to TMS ( 1 H and 13 C NMR). Peaks are labelled as singlet (s), doublet (d) , triplet (t), quartet (q), multiplet (m) and broad (br). The proton and carbon assignment was performed by 1 H-2D COSY, 1 H-2D NOESY, 1 He 13 C HMQC and HMBC experiments. IR spectra were recorded on a PerkineElmer Spectrum One spectrophotometer.
UVevis spectra were obtained on a P.E. Lambda 35 spectrophotometer equipped with a PTP 6 temperature controller Peltier apparatus. The polymeric complexes [PdC 4 (COOR) 4 ] n (R ¼ Me, t-Bu) were synthesized according to published methods [4a], whereas the DIC, TOSMIC and TIC isocyanides were commercial grade chemicals and were used without further purification.
Computational details
Theoretical calculations were performed with the Gaussian 09 [12] package using the functional hybrid GGA PBE0 [8] (PBE1PBE in Gaussian 09 formalism) and the Def2-SVP basis set [13] ; solvent effects (dichloromethane, ε ¼ 8.93) were included using CPCM [14] . The geometry optimization was performed without any symmetry constraint, followed by analytical frequency calculation to confirm that a minimum or a transition state had been reached.
Synthesis of complex 1a
A mixture of 0.080 g (0.205 mmol) of the polymeric [PdC 4 (COOMe) 4 ] n and 0.0551 g (0.420 mmol) of DIC dissolved in 20 ml of anhydrous acetone was stirred for 1 h under inert atmosphere (Ar). The resulting solution was treated with activated charcoal, filtered on a Celite filter and concentrated to small volume under vacuum. Addition of diethyl ether induced the precipitation of the title complex as a pale yellow microcrystalline solid which was filtered off in a gooch and dried under vacuum at RT to give 0.0823 g (yield 61%) of the complex 1a. , 4.63; N, 4.29. Found: C, 55.31; H, 4.78; N, 4.13 (%) .
Synthesis of complex 1b
The title complex was synthesized following the same procedure as complex 1a using the appropriate isocyanide (TOSMIC). The reaction time was however reduced (20 m) owing to the propensity of 1b to decompose.
Whitish microcrystals. Yield 70%. 
Synthesis of complex 1c
The title complex was synthesized following a similar procedure as complex 1a using the appropriate isocyanide (TIC). The evaporation of acetone was however complete and the resulting solid material was dissolved in diethyl ether and eventually precipitated with hexane.
Whitish microcrystals. Yield 84%. 
Synthesis of complex 1d
The title complex was synthesized following a similar procedure as complex 1c using the appropriate isocyanide (DIC), the polymeric palladium complex ([PdC 4 (COOt-Bu) 4 ] n ) and 30 m as reaction time.
Whitish microcrystals. Yield 48%. , 6.63; N, 3.41. Found: C, 61.69; H, 6.78; N, 3 .12%.
Synthesis of complex 1e
The title complex was synthesized following a similar procedure as complex 1d using the appropriate isocyanide (TOSMIC).
Pale yellow microcrystals. Yield 48%. 
Synthesis of complex 1f
The title complex was synthesized following a similar procedure as complex 1c using the appropriate isocyanide (TIC) and 10 m as reaction time.
Pale yellow microcrystals. Yield 84%. 
Synthesis of complex 3b
The title complex was synthesized following a similar procedure as complex 3a using the derivative 1b as starting complex.
Orange microcrystals. Yield 63%. 
Synthesis of complex 3c
The title complex was synthesized following a similar procedure as complex 3a using the derivative 1c as starting complex. 
